Dynamic logic is a well-known logic style which is widely used in digital electronics. A mixed dynamic/static full adder cell is presented in this paper with the aim of reaching high efficiency. The midoutputs are obtained from a Multi-output dynamic module. Then, a multiplexer generates final outputs in the static part. Several conventional and state-of-the-art dynamic adders are also surveyed and compared in the paper. All circuits are simulated by HSPICE with 32 nm CNFET technology. The proposed design is the fastest dynamic adder cell. In addition, it has approximately 5% higher efficiency in terms of PDP than the second most high-performance cell, which is DDCVS.
Introduction
In today's VLSI circuit designs, the increasing demand for high-speed and low-power structures can be addressed at different design levels including design methodology and fabrication technology. From the technological view, many fundamental drawbacks of metal-oxide semiconductor (MOS) technology such as short-channel effects, high leakage power dissipation, large parametric variations, and reduced gate control make numerous challenges and difficulties for the near future generation of integrated circuits (ICs) [1] . In order to overcome the mentioned problems, some nanoscale devices such as single-electron transistor (SET) [2] , quantumdot cellular automata (QCA) [3] , and carbon nanotube field effect transistor (CNFET) [4] have recently been presented in the literature to be employed in nanoscale digital electronics.
According to the Moor's law, miniaturization and optimization of transistors to the nanoranges are the most dominant obstacles of silicon-based technology. Hence, downsizing of the conventional silicon-based devices will reach its limit at the gate length of 5 nm around the year 2020 [5] . CNFET, which is one of the most promising devices among the emerging nanotechnologies, turned out to be an alternative technology to implement switches with miniaturized dimensions.
Based on comprehensive investigations on the characteristics of CNFETs, they have high superior properties such as close structural and behavioral similarities to the current CMOS devices, reusability of fabrication process, and excellent current handling capabilities with high thermal conductivity [6] . As the threshold voltage of the CNFET is proportional to the inverse of the diameter of CNT ( CNT ) [4] , different threshold voltages can be achieved by changing the diameter of CNFETs. The relationship is shown in (1)
where parameter a (≈ 0.249 nm) is the carbon-to-carbon atom distance, (≈ 3.033 eV) is the carbon -bond energy in the tight bonding model, is the unit electron charge, and
CNT is the diameter of CNT. The diameter of CNT can be 2 ISRN Electronics calculated by the following equation [4] , where and are chirality of CNT,
On the other hand, depending on the application, design methodology is also very important. The utilized logic style directly influences the terms of efficiency. Delay, power consumption, and area are the main efficiency factors [7] . However, other design parameters such as robustness, driving power, and rail-to-rail operation should be definitely considered, especially when the circuit is supposed to be employed in low-voltage applications.
Design methodologies can be generally categorized as static and dynamic logics. Static logic is robust and easy to design. In spite of having high switching activity, dynamic logic has some attractive features. They are usually faster than their static counterparts. They need fewer transistors which results in less surface area. In addition, the voltage levels are generally-full swing, and they do not have any static power dissipation due to the elimination of short-circuit currents which flow in static circuits when a direct path is formed from power supply to the ground [8, 9] . However, clock distribution interconnections result in increased power in dynamic circuits [10] .
Full Adder is known as a fundamental arithmetic block which is widely used in microprocessors, digital signal processors (DSPs), video and image processing units, and micro/nanoelectronic systems. It is also a basic component for all arithmetic blocks [7] . It plays an important role in the whole system efficiency, since it lies in the critical path of the system. In this paper, a novel highly efficient CNFET-based single-bit adder cell is proposed for dynamic logic. The whole cell is a Multi-Output mixed dynamic/static structure. Several dynamic full adders are also selected for comparison and a comprehensive survey of the previous works. There is also a comparison between CNFET and MOSFET technologies for the proposed design.
The rest of this paper is organized as follows. Section 2 reviews the previously presented dynamic full adders. Section 3 exhibits the proposed design. Simulation results and comparisons are presented in Section 4. CNFET and MOSFET technologies are compared for the proposed structure in Section 5. Finally, Section 6 concludes the paper.
Literature Review on Previously Presented Dynamic Adders
In this section, several conventional and state-of-the-art dynamic full adder cells are reviewed in detail. All adders are simulated with CNFET technology in order to make a fair technology-independent comparison and also to conduct a survey of future technology impacts on the existing logic styles. Diameters of CNTs are adjusted to 1.4877 nm for all transistors except the ones passing a non-full-swing signal. Further explanations are provided for each design. The number of nanotubes under the gate terminal (#CNTs) is also reported within the figures inside the parentheses. A bridge style Multi-Output dynamic full adder cell has been presented in [11] (Figure 1 ). It has 23 transistors and utilizes a bridge circuit to produce the output carry. Both outputs ( out and Sum) are generated within a single pull-down network, where a p-type transistor is used. This transistor has to be sized in a way that shows minimum resistivity in order to correct its improper placement. Therefore, CNT is increased to 4.77 nm with the aim of reducing threshold voltage as well as the equivalent impedance. Any load capacitor on the output node out has to be discharged in order to link the node Sum to the ground. It results in slow operation, especially in presence of high-load capacitors.
Another Multi-Output structure has been proposed in [12] (Figure 2) . A capacitor network averages input variables 
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(2) (5) inefficiently. This design is highly dependent on diameters to be adjusted precisely. Therefore, it is highly sensitive to process and voltage variations. Furthermore, the capacitor network generates incomplete voltage levels, which results in reduced noise margin and considerable leakage power dissipation in the following inverters.
Zipper or NP domino logic style has been employed in [11] to form a dynamic full adder cell (Figure 3) . The pblock is a bridge circuit which generates the output carry. The Sum output is generated from the output carry in the second module by an n-block. The blocks do not enter the evaluation phase at the same time, because the second module is driven by the negated clock. The whole cell has 26 transistors including the inverters which are necessary to create complementary inputs. It operates efficiently and produces rail-to-rail signals. However, distribution of Clock also brings about extra power consumption in zipper circuits.
In [13] , a dynamic adder cell has been proposed on the basis of majority functions (Figure 4 ). The first one is implemented with three capacitors. A bridge-style circuit implements the second majority function to generate the Sum. The entire cell has 13 transistors and 3 capacitors. Although it works very fast, the initial voltage division between capacitors leads to incomplete voltage levels, which results in reduced noise margin. Besides, it causes high leakage power dissipation in the following inverter, whose transistors are not turned off completely.
A dynamic differential cascode voltage switch (DDCVS) full adder has been presented in [14] (Figure 5 ). Two separate circuits generate the outputs Sum and out simultaneously. The inverted outputs are also produced within the circuits. It has 40 transistors, which is higher than the transistor count of the other cells. The final inverters increase the driving power and lead to high-speed operation. Weak p-type feedback transistors are used in the original circuit to enhance signal integrity. However, they slow down the switching activity by adding more capacitance to the internal nodes. They are eliminated in this paper to increase speed and reduce transistor count.
Finally, a hybrid static-dynamic adder cell has been proposed in [15] (Figure 6 ). of reducing the number of transistors. Even though it has very few transistors (10 transistors), it suffers from non-fullswing internal and output nodes. Reduced noise margin, low driving capability, and slow operation are the payoffs for reaching a low transistor-count design. Diameters of CNTs are increased to 3.132 nm for the transistors which do not pass the proper voltage level. However, it still does not operate in a full-swing manner when high load capacitors are applied to the output nodes.
The Proposed Multi-Output Mixed Dynamic/Static Full Adder
The proposed full adder ( Figure 7 ) is a mixed dynamic/static structure. It operates on the basis of (3). In the first stage, + , , and ⊕ functions are generated by a Multi-Output dynamic structure, which causes the number of transistors to be reduced. It shares the part generating + in order to diminish transistor count. A couple of transistors in series are added to produce ( + )( ) = . Another two transistors, which are parallel, are also added to create ( + )( + ) = ⊕ . The charge sharing problem of dynamic circuits is mostly solved by the Multi-Output approach, because almost all nodes within the pull-down network are charged at the precharge phase as follows:
Two multiplexers are utilized in the second stage to generate the final outputs (Sum and out ). The first operand (A) is chosen as the selector of the multiplexers. It selects between and + to generate out . It also makes a simultaneous selection between ⊕ and ⊕ to achieve Sum in the second multiplexer. Transmission-gates are employed to implement the final multiplexers in order to reach a robust structure. Thus, it will be applicable for low-voltage applications. An inverter negates the exclusive-nor (XNOR), provided from the first stage, to achieve the exclusive-or (XOR) function.
In the proposed design, the clock (CLK) signal is only applied to the first stage of the circuit. The outputs of this stage are connected to a limited number of nodes. Hence, the high number of fan-outs does not cause any voltage drops to the output signals of the first stage, although they are not connected to the power supply in the evaluation phase. The second stage, which generates the final outputs, is a static structure. It benefits from the high driving capability. The proposed design is a mixed dynamic/static structure, and hence it benefits from the best of the two worlds. The entire circuit has 30 transistors. Diameters of all CNTs are 1.4877 nm. A single-threshold circuit shows higher reliability and robustness in the presence of device parameter variations. Eventually, rail-to-rail operation is achieved for both internal and output nodes which are important factors especially in low voltages. The waveforms of input and output signals are illustrated in Figure 8 , when input and output buffers are used.
Simulation Results and Comparisons
The proposed design and all the six previously presented dynamic structures, which were mentioned in Section 2, are simulated by using Synopsys HSPICE 2008 and 32 nm CNFET Compact SPICE Model [16] . Simulations are performed in 0.9 V power supply at room temperature after performing transistor sizing with the aim of reaching the lowest power-delay product (PDP). Input buffers and 2 fF Table 1 , demonstrate the superiority of the proposed design in terms of PDP. Toexaminedriving capability, simulations are repeated while applying different load capacitors ranged from 1 fF to 8 fF. All circuits are also simulated in a vast range of power supply voltages (1 V down to 0.5 V). The Multi-Output CAP circuit fails to operate at 0.5 V power supply. In addition, to test the immunity to temperature variations, simulations are repeated in different ambient temperatures, ranged from 0 ∘ C up to 80 ∘ C. The results of these three experiments are shown in Figures 9, 10, and 11 , respectively. The proposed design Table 2 . It can be inferred from the results that the proposed design properly works in high frequencies. It is almost as efficient as the DDCVS structure, while it has 10 fewer transistors.
CNFET versus MOSFET
CNFET is considered as a promising candidate for future nanoscale transistor devices, which will be applicable in nanoelectronics applications. The growing trend is towards fabricating CNFETs due to serious problems of current silicon-based transistors in nanoscale regime. In addition, CNFETs are highly advantageous in terms of efficiency. In order to evaluate the potential benefits of this new technology, performance estimation for replacing MOSFETs by CNFETs is made at transistor level for the proposed structure. It is also simulated with 32 nm feature size (MOS technology) at 0.9 V power supply. Transistors are sized appropriately to minimize the PDP metric using the algorithm presented in [17] (Figure 12 ). The same test-bed described in Section 4 is also applied here. Simulation results are shown in Table 3 .
As it was expected, the CNFET-based circuit operates far 
Conclusion
A new Multi-Output mixed dynamic/static full adder cell has been proposed in this paper. Several simulations have been carried out to investigate efficiency in different aspects. Simulation results demonstrated the superiority of the given structure in terms of speed and PDP. It charges and discharges high-load capacitors rapidly with sufficient driving power. It also operates reliably and efficiently in high frequencies and in a vast range of voltage and temperature variations. Eventually, terms of efficiency have been compared between MOSFET and CNFET technologies. The latter brings higher performance. Several conventional and state-of-the-art dynamic full adders have been also reviewed. All of them were simulated with the CNFET technology. Based on our investigations, DDCVS has the best performance. The zipper structure is also very efficient. Both designs generate rail-to-rail signals which are very important in low voltages in terms of noise tolerance and circuit robustness. The majority-based full adder is the fastest one. However, it consumes considerable power which is not desirable for low-power applications. Other full adder cells are not entirely suitable for low-voltage applications due to their reduced noise margins, inefficiency, and inadequate driving power.
